ABSTRACT: Objectives: Markers of prenatal hormone exposure have been associated with the development of eating disorder (ED) behaviors. Our aim was to determine whether 2D:4D ratio, a marker for in utero testosterone exposure, is associated with risk for ED in a large population-based cohort: the Avon Longitudinal Study of Parents and Children (ALSPAC).
Eating disorders (ED) have a complex etiology that is poorly understood making intervention and treatment difficult. One striking feature of ED is the increased prevalence in females compared to males (American Psychiatric Association, 2013) . Sociocultural influences have frequently been given as reasons for this gender difference (Field et al., 2001; Miller and Pumariega, 2001; Rolls 1991) ; however, evidence increasingly implicates biological causes such as differences in prenatal hormone exposure (Culbert et al., 2008 (Culbert et al., , 2013 Klump et al., 2001) . Fetal exposure to testosterone has been shown to have a permanent effect on the development of sex-typed behaviors through the organization of sexually dimorphic neural circuits (Cohen-Bendahan et al., 2005; Lombardo et al., 2012b) , and recent research has provided preliminary evidence that this hormonal effect on fetal development may also play a role in the development of ED behaviors (Culbert et al., 2008 (Culbert et al., , 2013 Klump et al., 2006; Quinton et al., 2011; Smith et al., 2010) . Studies investigating this hypothesis have used two methods to indirectly measure prenatal testosterone exposure. The first method is based on evidence that females from opposite-sex twin pairs are exposed to higher levels of testosterone prenatally (produced by their male co-twins), than females from samesex twin pairs. The prevalence of disordered traits is therefore compared across same-sex and opposite-sex twin pairs. Using this method within a general population sample, Culbert et al. (2008) found that same-sex female twins (assumed to be exposed to comparatively lower levels of prenatal testosterone), exhibited higher levels of disordered eating than opposite-sex female twins (assumed to be exposed to comparatively higher levels of prenatal testosterone) (Culbert et al., 2008) . This finding implicates high prenatal testosterone exposure as a protective factor against the development of ED behaviors. However, despite other research groups attempting to replicate this finding using the same approach in much larger samples (Lydecker et al., 2012; Raevuori et al., 2008) , it has only been replicated once by the same group of researchers (Culbert et al., 2013) .
The second method of indirectly measuring prenatal testosterone exposure involves calculating the ratio of the second and fourth digits of the hand (2D:4D). 2D:4D has been found to correlate negatively with fetal testosterone/ fetal estradiol ratio, (i.e. low 2D:4D is associated with high levels of fetal testosterone relative to fetal estradiol, and high 2D:4D is associated with low levels of fetal testosterone compared to estradiol) (Lutchmaya et al., 2004) . Using this method, Klump et al. (2006) found that having a comparatively high 2D:4D ratio, indicating low prenatal testosterone exposure, was associated with increased ED behaviors in a community sample (Klump et al., 2006) . A similar effect was observed in a community sample of males by Smith and Colleagues, who found that low 2D:4D (indicating high exposure to prenatal testosterone) was associated with less disordered eating and an increased drive for muscularity (Smith et al., 2010) . Only one study to date has investigated the relationship between 2D:4D and ED diagnosis in a clinical sample of female participants, rather than investigating ED behaviors and cognitions in a community sample. In this study high 2D:4D was found to be associated with a diagnosis of bulimia nervosa (BN), while low 2D:4D was found to be associated with anorexia nervosa (AN). Healthy controls were found to lie in-between the ED groups (Quinton et al., 2011) .
As is clear from the summary above, the relationship between indirect measures of prenatal testosterone exposure and ED is not a straightforward one. This may be due to differences in samples (i.e. clinical versus community), or perhaps differences resulting from whether ED behaviors or ED diagnoses are being investigated. Findings may also be limited by methodological differences in the measurement of prenatal testosterone, and the unreliability of proxy measurements. For example, though transfer of testosterone from male to female fetuses by means of amniotic fluid perfusion has been demonstrated in rats (Even et al., 1992; Ryan and Vandenbergh, 2002) , there is no direct evidence of this occurring in humans (McIntyre 2006 ). In addition, many studies fail to find an increase of masculinized traits in females with a male cotwin (Tapp et al., 2011) . However, direct measurement of prenatal testosterone exposure involves a risky and invasive procedure which is unethical to carry out without clinical motivations, making the use of indirect measurement necessary. Despite methodological differences and discrepant findings, overall evidence appears to suggest that high prenatal testosterone exposure (through indirect measurement) may be protective against the development of ED behaviors in later life, in community samples.
In this study we investigate prenatal testosterone exposure as a potential mechanism for the intergenerational transmission of risk for ED. The first-degree relatives of ED probands have been found to be at higher risk for developing ED in comparison to healthy and psychiatric controls (Ben-Dor et al., 2002; Holland et al., 1988; Strober et al., 2000) , and heritability estimates of ED range between 50 and 80% Klump et al., 2009; Lear et al., 2007; Mazzeo et al., 2009) . To understand the etiology of ED and develop effective intervention strategies, it is important to determine mechanisms by which this vulnerability or "risk" is inherited. Prenatal and in utero factors have previously been suggested as a possible mechanism for intergenerational risk transmission (Micali and Treasure, 2009) , and evidence also suggests that prenatal testosterone exposure is genetically influenced. Twin studies report heritability of prenatal testosterone exposure, as measured by 2D:4D, to be approximately 66% in females (Gobrogge, 2008; Paul et al., 2006) . In addition, fetal androgen receptor sensitivity has been found to be genetically determined via the X linked androgen receptor gene (AR), in which low CAG repeat length is associated with high androgen receptor sensitivity (Chamberlain et al., 1994) . If there is indeed an association between low prenatal testosterone exposure and ED symptomatology, it is possible that prenatal exposure to testosterone may be an underlying trait or endophenotype for ED; meaning low exposure to testosterone prenatally should be observed at higher rates in the first-degree relatives of ED probands than in the general population. In other words, prenatal exposure to testosterone might be one of the in utero mechanisms to be relevant to the transmission of ED. One way to test this hypothesis is to investigate in utero testosterone exposure in children at high-risk for ED, due to being born to mothers with an ED. In the present study we used 2D:4D ratio as a proxy marker to investigate whether prenatal testosterone exposure differed in children at highrisk for ED, due to being born to women with an ED, in comparison to children not at high-risk. Given the higher prevalence of ED in females, we analyzed the 2D:4D ratio of girls and boys separately. Based on evidence to date, we predicted that maternal ED would be associated with children having comparatively higher 2D:4D ratio, indicating exposure to low levels of prenatal testosterone.
METHODS Sample
The Avon Longitudinal Study of Parents and Children (ALSPAC) is a population-based cohort of women who were enrolled during pregnancy (14,663), along with the child that they were pregnant with at the time. Following initial enrollment, data were obtained via postal questionnaire on 14,472 women. The children who were still alive at 1 year (n 5 13,988) have been followed-up since, with data collected through questionnaires, as well as physical, behavioral, and psychological tests (Boyd et al., 2013; Fraser et al., 2012) . Women were excluded from the current study if they had a multiple birth (199), or if they had not completed the questionnaire on psychological well being at 12 weeks gestation assessing exposure (2,019). Women who reported a history of other psychiatric disorders only (other than an ED) as part of their response to this questionnaire were also excluded from the current study (1,166) due to lack of information on the specific disorder making this a heterogeneous group. Women reporting other psychiatric disorders over the lifetime in addition to ED were included in the analysis. Children were eligible for this study if they had their 2D:4D measured at 11 years of age (7,108). Final sample size for analysis was dependent on data being available on both maternal lifetime ED and children's 2D:4D ratio, and consisted of 5,813 children (81.78% of those eligible); inclusive of 2,862 boys and 2,951 girls.
Exposure: Maternal lifetime ED
Mothers completed a questionnaire regarding their psychological well-being at 12 weeks gestation, which asked whether they had ever had AN and/or BN (i.e. an ED at any point up to pregnancy). From the 11,088 women who responded, 446 (4.02%) reported a history of lifetime ED: AN (n 5 171, 1.54%), BN (n 5 194, 1.75%), or both (n 5 81, 0.73%). Self-report of ED has previously been shown to be reliable and has been validated using cognitive and behavioral characteristics in this sample (Micali et al., 2012b (Micali et al., , 2007 . Evidence shows these groups to be distinct with regard to ED cognitions, BMI, and the frequency of compensatory behaviors; and the profile of women answering yes to both AN and BN (AN 1 BN) was found to resemble that of the binge/purge subtype of AN (AN-BP) (Micali et al., 2007) . The use of this type of self-report as an indicator of ED diagnosis has been validated in a population sample based in the Netherlands, with selfreported lifetime AN showing a sensitivity of 100%, and a specificity of 96%, and self-reported lifetime BN showing a sensitivity of 94% and a specificity of 81% (Micali et al., 2012a) . In addition, the prevalence of ED in this sample is consistent with lifetime prevalence of ED in the general population (Micali et al., 2012b) . Evidence also suggests that self-report measures such as those used in this study are just as good a screener as more commonly used measures (Keski-Rahkonen et al., 2006) .
Outcome: Children's 2D:4D ratio At 11 years of age children had their hands photocopied, and the length of their second and forth digits were measured using digital calipers. 2D:4D ratio was calculated by dividing the length of the second digit by the length of the forth digit. A random sample of hands (left 5 48 and right 5 57) were measured in vivo to determine the validity of using photocopies to measure 2D:4D. Analysis showed that the correlation between measurements from photocopies and in vivo measurements was high for both hands (r > 0.97).
Data analysis
The 2D:4D ratio was found to be normally distributed. The association between mothers ED status and children's 2D:4D ratio was explored using linear regression. Maternal AN, maternal BN, and maternal AN and BN, were included as predictor variables and child 2D:4D ratio was included as the outcome variable. Initially a crude analysis was conducted (model 1), and in an adjusted model (model 2) a priori confounders (child gender and ethnicity), and additional potential confounders (parental social class and maternal age at delivery) were adjusted for by being included as additional predictors. A univariate ANOVA including gender as a moderator was run to directly test the interaction effect. Linear regression analyses were then run on males and females separately to investigate how the associations differed. All analyses were carried out on SPSS 21 and a two-tailed significance level of p < 0.05 was used. Due to the small number of outcomes (left and right 2D:4D ratio), the size of the sample, and the exploratory nature of the methodology, it was decided that the significance level would not be adjusted for multiple comparisons due to the likelihood of over-correction.
Attrition and missingness
Attrition (i.e. children who did not attend the measuring session), and missingness (children who did not have accurate 2D:4D measurements) was associated with socio-demographic factors. Participants had higher odds of being lost to attrition or missingness if children were male (OR: 1.18, 95% CI: 1.09-1.27, p 5 0.0001), or of a lower social class (OR: 1.94, 95% CI: 1.75-2.16, p 5 0.0001); and had lower odds if children were white (OR: 0.61, 95% CI:0.55-0.67, p 5 0.0001) or mothers were older at delivery (OR: 0.92, 95% CI: 0.91-0.93, p 5 0.0001). These variables were therefore included as confounders in the adjusted model.
Missing covariate data
Missing data on child ethnicity, social class, and maternal age at delivery was dealt with using multiple random imputation. All predictor and outcome variables were used as predictors in the imputation model, which was set for 10 imputations. Analyses were run on complete case and imputed datasets, and a comparison of results showed that differences were negligible. Only results based on imputed datasets are presented here as complete case analysis is thought to suffer from more chance variation, and multiple random imputation is assumed to correct any bias.
Procedure
The study was approved by the ALSPAC Law and Ethics Committee and Local Research Ethics Committees. Questionnaires and assessments were conducted after giving full information to participants and acquiring consent in accordance with the ALSPAC study design.
RESULTS
Sociodemographic characteristics of exposed and unexposed groups can be found in Table 1 . Female children had a mean 2D:4D of 0.97 (SD 5 0.03) on both the left and right hands. As would be expected, male children had a slightly lower mean 2D:4D of 0.96 (SD 5 0.03) on both hands, indicating higher prenatal testosterone exposure.
2D:4D ratio: All children
Crude regression analysis showed that the children of women with lifetime BN had a lower 2D:4D ratio on the right hand than the children of unexposed women (B: 20.01, 95% CI: 20.02 to 20.002, p 5 0.02), indicative of higher prenatal testosterone exposure. This difference remained statistically significant in the adjusted model. No other statistically significant differences between exposed and unexposed groups were observed for either hand (see Table 2 ). Results of the univariate ANOVA, run to test the interaction effect of gender, showed a significant interaction effect for both the right (F (0.17,22.78) , p < 0.001) and the left (F (0.14,18.75) , p < 0.001) hands.
2D:4D ratio: Boys
Analyses showed no differences in 2D:4D ratio between exposed and unexposed groups for either the left or the right hand (see Table 2 ).
2D:4D ratio: Girls
The crude analysis showed that female children of women with lifetime BN had a lower 2D:4D ratio on the right hand than the children of unexposed women (B: 20.01, 95% CI: 20.02 to 20.002, p 5 0.02), indicative of higher prenatal testosterone exposure. This difference remained statistically significant in the adjusted model. No other differences were observed for either hand between exposed and unexposed groups (see Table 2 ).
DISCUSSION
Children of women with lifetime BN were found to have lower 2D:4D ratios on the right hand in comparison to unexposed children, suggestive of exposure to higher levels of testosterone in utero. Further analysis revealed that this effect was present in the female children of women with BN; whilst male children of women with BN showed no differences in comparison to boys whose mothers did not have an ED. Previous studies focusing on the association between prenatal testosterone exposure and ED/ED behaviors have revealed mixed findings, in general suggesting that high prenatal testosterone is associated with low adult ED/ED behaviors. The majority of these studies focus not on ED diagnosis, but on the presence of subthreshold ED behaviors and cognitions in community samples. To our knowledge only one study has investigated the association between ED diagnosis and 2D:4D ratio, finding that lower mean 2D:4D was associated with AN, and higher mean 2D:4D was associated with BN, with controls lying inbetween; however, this study is limited by its particularly small sample size (Quinton et al., 2011) . We used a unique approach, examining 2D:4D ratio in children born to women with an ED, to investigate the association between prenatal exposure to testosterone and risk for ED. Our findings relating to children at high-risk contrast with previous research in that we found an association between high prenatal testosterone exposure and risk for ED; we explore possible explanations for this below.
Association between masculinizing hormone disorders and ED behaviors
It is known that circulating female and male hormones have an important effect on eating behaviors, for example estradiol inhibits food intake and decreases meal size, while testosterone stimulates food intake and increases the number of meals (Baker et al., 2012) . Women with BN have been found to have higher levels of circulating testosterone in comparison to controls (Sundblad et al., 1994) , with some evidence of testosterone antagonist flutamide causing a marked improvement in bulimic behaviors (Bergman and Eriksson, 1996) . Moreover polycystic ovary syndrome (PCOS): a highly prevalent endocrine disorder characterized by hyperandrogenization and high testosterone (Goodarzi et al., 2011) ; has also been associated with altered eating behaviors and exposure to high levels of testosterone prenatally. Evidence from experimental animal studies and clinical observation has led to a developmental origin hypothesis for PCOS (Abbott et al., 2002) which suggests that fetal exposure to androgen excess, in part genetically determined, is a major contributor to its development (Goodarzi et al., 2011; Xita and Tsatsoulis, 2006) . This intergenerational transmission is thought to occur via mechanisms influencing both androgen activity and increased androgen receptor sensitivity in utero (Abbott et al., 2002) , influencing the differentiation of sexually dimorphic tissues during fetal development (Patterson et al., 1994) . Women with PCOS have significantly higher androgen concentrations during pregnancy, and it is possible that this could increase androgen exposure in the fetus (Sir-Petermann et al., 2002; Xita and Tsatsoulis, 2006) . This increase in fetal androgen activity may also be acting on fetal androgen receptors that are genetically determined to be more highly sensitive (Chamberlain et al., 1994; Urbanek et al., 1999) . Genetic research has shown that 2D:4D ratio is not only associated with levels of prenatal testosterone, but also to fetal androgen receptor sensitivity . Androgen receptor sensitivity has been found to be genetically determined via the X linked androgen receptor gene (AR): in which low CAG repeat length is associated with high androgen receptor sensitivity (Chamberlain et al., 1994) . As with the developmental origin hypothesis of PCOS, it is possible that variations in CAG repeat length of the AR gene and increased maternal androgen concentrations during pregnancy may contribute to risk for developing characteristics of bingeing-type ED (i.e. binge eating and weight gain) in the fetus through a process of prenatal androgenization during fetal brain organization. In addition, women with PCOS have increased prevalence of binge eating (Goodarzi et al., 2011) , and there is evidence of an increased prevalence of PCOS in women with BN (Raphael et al., 1995) , suggesting there may be some shared liability. The literature in this area is limited, but our findings suggest that more research could be fruitful. Our results also suggest that boys were exposed to similar levels of prenatal androgens irrespective of whether or not their mothers had ED. Future research could investigate whether this is because boys are exposed to high prenatal androgens as part of their normal development. Any additional contribution is proportionally much smaller which may mask the effect.
Evidence from animal studies
Animal studies allow for experimental manipulation of prenatal testosterone levels, and results show that increasing levels of prenatal testosterone in female rat fetuses leads to masculinized eating patterns in adulthood; including reduced meal number but increased meal size (Madrid et al., 1993; Wade, 1972) , and increased weight (Demissie et al., 2008; Donohoe and Stevens, 1983) . This effect is not observed when administering testosterone to male rodents prenatally (Wade, 1972) , which is interesting as our findings only show significant associations in females when analyzing each gender individually. Our findings may represent a similar mechanism in that high prenatal testosterone may be associated with risk in human females for masculinized eating patterns, which at the extreme could present as binge eating behaviors. Previously, evidence from animal studies has been used to suggest that high prenatal testosterone, and consequently masculinized eating patterns, are protective against ED behaviors and cognitions; therefore, the higher exposure to testosterone in utero that males experience provides some explanation for the lower prevalence of ED in males. This is somewhat questionable as both our findings and the findings from animal studies suggest that differences in prenatal testosterone exposure do not have the same effect on males and females. In addition, evidence suggests that ED may present differently in males compared to females with the purpose of ED behaviors being to increase muscularity and decrease body fat (Weltzin et al., 2005) , rather than to lose weight and become thin (Fern andez-Aranda et al., 2009) . Interestingly, the only study conducted with males using 2D:4D ratio indicated that high prenatal testosterone exposure was indeed associated with increased drive for muscularity, however potential gender differences in ED symptoms and psychopathology require further investigation before any conclusions can be reached regarding this.
High prenatal testosterone and traits associated with BN/ binge eating disorder (BED)
Though research to date has not found a direct association between binge eating and high prenatal testosterone, several studies have found associations between prenatal testosterone and other traits associated with bingeingtype ED. High prenatal testosterone exposure (as measured by 2D:4D) has been associated with increased reward sensitivity (Lombardo et al., 2012a) , increased impulsivity in women (but not men) (Lucas and Koff, 2010) , high levels of aggression (Coyne et al., 2007) , and poor social cognition (Williams et al., 2003) ; all traits that have previously been associated with bingeing-type ED (Cotrufo et al., 2000; Fischer et al., 2008; Harrison et al., 2010; Rothschild-Yakar et al., 2011) . Poor social cognition is a particularly interesting in this context as it also a trait of autism spectrum disorder (ASD); another disorder that has been associated with high prenatal testosterone exposure when using 2D:4D as a proxy measure (Teatero and Netley, 2013) . Given that research has found increasing evidence for an overlap of traits between ED and ASD (Baron-Cohen et al., 2013; Treasure, 2013; Zucker et al., 2007) , it is possible that the low 2D:4D ratio observed in ED groups may be a marker of elevated autistic-like traits.
Strengths and limitations
Findings from this study should be considered by taking into account both strengths and limitations. Strengths of the study are the large sample size, the nature of the study (population-based), and the prospective data collection. Unfortunately a measure of maternal 2D:4D was unavailable, which meant that we were unable to directly compare the ratios of mothers and children. Due to the exploratory nature of the study, the minimal number of outcomes, and investigation of a specific outcome, significance levels were not adjusted for multiple comparisons to avoid over-correction; findings must be considered in light of this. A limitation of this research is that the use of 2D:4D ratio as a marker may not be as valid as direct assessment of prenatal androgen exposure (McIntyre, 2006) ; however, recent reviews suggest that 2D:4D ratio is in fact a useful and reliable proxy marker of prenatal testosterone exposure (Manning et al., 2002 McIntyre, 2006) , particularly for the right hand which has been shown to be a better indicator of prenatal androgenization (H€ onekopp and Watson, 2010) . There is also evidence indicating that measuring 2D:4D from photocopies (as has been done here) yields lower digit ratios than direct finger measurements (Manning et al., 2005) , which suggests that direct measurement of finger length in this sample would have revealed bigger differences between children at high-risk and unexposed children. Measuring prenatal testosterone directly has associated economic costs and health risks, and therefore proxy measures such as 2D:4D are valuable. It is also worth noting that unlike the co-twin method, 2D:4D has been found to be a reliable marker of prenatal androgen receptor sensitivity, as well as prenatal testosterone activity, potentially implicating digit ratio as a more reliable marker of prenatal testosterone exposure (Manning et al., 2002 McIntyre, 2006) .
CONCLUSIONS
Children of women with lifetime BN were found to have lower 2D:4D ratio than unexposed children, indicating higher exposure to testosterone prenatally. Further research is clearly required, but our findings suggest that prenatal testosterone exposure may be one mechanism by which the intergenerational transmission of bingeingtype ED occurs (see Fig. 1 ). This is only a hypothesis, but is supported by evidence of high prenatal testosterone being causal to the development of PCOS (Goodarzi et al., 2011; Xita and Tsatsoulis, 2006) a disorder that shows high levels of bingeing and comorbidity with BN (Goodarzi et al., 2011; Raphael et al., 1995) . Considering this, we feel that it is a hypothesis worthy of future exploration. Future research should aim to better understand biological mechanisms underlying the potential link between prenatal testosterone and risk for developing bulimic-type disorders.
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